Understanding metal concentration and speciation in motorway runoff by Zakharova, Julia et al.
1 
 
















University of Wolverhampton, Faculty of Science and Engineering, Wulfruna Street, WV1 1LY. 7 
J.Zakharova@wlv.ac.uk; 
b
University of Bradford; Bradford, West Yorkshire, BD7 1DP; 
c
Loughborough University, 8 
School of Architecture, Building and Civil Engineering Epinal Way, LE11 3TU.  9 
 10 
Abstract 11 
Although highway runoff has historically been extensively studied, the increasing complexity of 12 
stormwater management means that there are still significant gaps regarding the reduction of 13 
soluble metals. The work reported in this paper addresses these challenges by analysing the 14 
presence and behaviour of iron, copper and zinc in runoff from junction 24 of the M1 motorway in 15 
the UK (peak traffic flow: 30,000 vehicles per hour) and comparing it with other urban sources of 16 
metals found in the same catchment (a local brook and sewage treatment works). The sampling 17 
site included an interceptor and a treatment lagoon and the event monitoring indicated a trend by 18 
which the metals did not change their concentration or particulate soluble proportion immediately, 19 
hence showing that pre- and post-storm conditions are important factors when analysing the 20 
solubility of metals and their behaviour. The data provided further evidence of the important 21 
influence of storm characteristics on metal concentrations in highway runoff, in particular the 22 
effects of an antecedent dry weather period (ADWP). In addition, this study also helped us to 23 
better understand how the release of sodium the application of de-icer for road maintenance in 24 
winter affects the availability of zinc.  25 





Roads and highways may represent a small portion of the impermeable urban catchment area 31 
(from 10 to 20%), but road runoff could, according to some research, contribute between 35 and 32 
75% of total metal and 50% of the total suspended solid (TSS) loads discharged into the receiving 33 
water (USGS, 2000). Quantifying and characterising the pollution associated with urban 34 
stormwater and identifying and developing appropriate treatment methods have become more 35 
important because of the likelihood of more intense storms which may remobilise sediment-bound 36 
pollutants. Highway pollutants are diffuse, potentially persistent and toxic (Butler et al., 2006). The 37 
continued growth of traffic and revisions to the Water Framework Directive (WFD) where the 38 
bioavailability of metals has been incorporated into regulatory practice are making the task of 39 
meeting the standards more challenging (Pagotto et al, 2001; Gnecco et al., 2005; Niu et al, 40 
2018). The revised Environmental Quality Standards (EQS) are more rigorous but at the same 41 
time strict as they consider, together with hardness, additional environmental parameters such as 42 
pH and Dissolved Organic Carbon (DOC). More information about the factors affecting the 43 
bioavailability of metals will be required. Hence the gathering of accurate and comprehensive 44 
information should take place as a matter of routine. Moreover, the interpretation of the 45 
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information will demand a better understanding of the behaviour of metals and their speciation 46 
(UKTAG, 2013) (for details, please see supplementary information for details). 47 
 48 
The most commonly measured metals in highway runoff in the UK are copper (Cu) and zinc (Zn). 49 
Copper is released from brake linings during braking and zinc arises from normal tyre wear 50 
(Zhang et al., 2015). 51 
 52 
Previous studies suggest that the dissolved fraction of copper and zinc varies from source to 53 
source and could represent a substantial part of their total form, with the actual percentage being 54 
a function of the water chemistry of both the water body and the type of runoff itself. For more 55 
detailed information please see supplementary information (SI Table 1). Furthermore, if the 56 
dissolved fraction becomes bioavailable, then adverse effects on water bodies might take place. 57 
The UK Highways Agency suggests that the main factors affecting metal concentration in runoff 58 
are traffic flow, climate, antecedent dry weather periods (ADWP) and rainfall characteristics 59 
(Crabtree et al., 2006; Kayhanian et al., 2007). 60 
 61 
           62 
Long term metal pollution and control in highway runoff is a complex process because of the 63 
following factors presented below: 64 
Runoff formation  65 
 66 
The probability of a runoff formation depends on many factors, with heavy rainfall being only one 67 
of them. Let us assume that we have a high-intensity rainfall. It does not necessarily mean that it 68 
would cause flooding, as the associated physical characteristics of the catchment would affect the 69 
runoff formation. For example, an ADWP or the soil's moisture status would have a significant 70 
impact. A dry porous soil sorbs water immediately, while the opposite pertains for a saturated soil, 71 
especially if it does not have a porous texture.  72 
 73 
Runoff treatment and meeting the standards 74 
If the concentrations of metals exceed the standards, then in such instances the runoff should be 75 
treated before discharge, with the level of treatment depending on the dilution available in the 76 
receiving water. In some cases, a receiving water body and a final stage of treatment could be 77 
combined into one and in such conditions the standards should be applied to the final stage of 78 
treatment. This is particularly important for sustainable drainage systems (SuDS) such as ponds 79 
and lagoons, the role of which is not only to protect and enhance the groundwater quality and 80 
quantity but also to replicate natural systems (Butler et al., 2006). 81 
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Chemical characteristic of metals and speciation change 82 
 83 
The environmental impact of metals in a catchment and their removal by treatment depends on 84 
their solubility and attachment to the solids present in the runoff. This binding is affected by the 85 
physico-chemical properties of the ambient environment, including pH, ionic strength, 86 
temperature, particle size, hardness (base cations), anions, oxidation-reduction potential (redox), 87 
and the presence of other elements (USGS, 2000; Ling et al., 2018; Dang et al., 2019). These 88 
interactions vary with the location and catchment area. They are also interrelated variables, 89 
though some of them, like pH, play a more critical role. These factors are affected by seasonal 90 
and temporal changes, as highlighted in other research (Gnecco et al., 2005; Crabtree et al., 91 
2006). 92 
 93 
As can be observed, understanding the occurrence of metals in highway runoff and their 94 
environmental impact is a complex phenomenon, and we face an even more challenging task 95 
when we need to propose in situ treatment methods to remove metals, as suggested by the 96 
Environment and Highways Agencies.  97 
 98 
Aims and objectives 99 
 100 
This research aims to contribute to our understanding of the presence of metals in and their 101 
removal from highway runoff. Here we focus on (1) assessing the factors affecting metal solubility 102 
and (2) determining the performance of a typical treatment system for busy road junctions by 103 
demonstrating the role of SuDS. 104 
 105 
In this study we reflect on the field data that were collected for over a year from one of the busiest 106 
motorway junctions in the UK.  107 
 108 
The measurements include copper, zinc and iron concentrations. These metals were chosen 109 
because copper and zinc have been subject to major revisions of their EQS (UKTAG, 2013). Iron 110 
often receives limited attention in studies due to its low toxicity (EQS for Fedis = 1mg/l; Council of 111 
European Communities, 1976), however it could serve as a good model for studying metals with 112 
low solubility, for example, aluminium-based coagulants which are used during wastewater 113 
treatment to reduce the phosphorus concentration (Comber et al., 2005; Pouran et al., 2017). 114 
Besides its application as a de-icing salt, NaCl, is often used for roads maintenance during cold 115 
weather, which could affect the behaviour of other metals, including improving their dissolution, 116 
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(Norrstrom, 2005). Therefore, in addition to the above-mentioned experiments, total sodium (Natot) 117 
was also analysed as a proxy for de-icing salt. 118 
This study differentiates itself from those conducted previously and demonstrates its importance 119 
and novelty in the following ways: 120 
i)-Unlike other research, it is focused solely on the impact of the traffic on the metals' 121 
concentrations in the highway runoff and the data was deliberately obtained only from a site 122 
where there was no interference from other sources, e.g. sewage discharge or mining. At the 123 
same time, the data deriving from that motorway site was compared to data from the water of a 124 
pristine brook and two sewage treatment works’ final effluent discharges (combined sewerage) to 125 
demonstrate the comparison on a catchment level. This helped us to test our first hypothesis, 126 
namely that highway runoff would be a major contributor to pollution compared to other urban 127 
sources.   128 
ii)-Both the location size and engineering design of the drainage and treatment system allowed us 129 
to monitor the entire chain giving rise to runoff formation and analyse the whole existing treatment 130 
train of the runoff. 131 
iii)-As part of the monitoring of the runoff formation, both pre- and post-storm conditions were 132 
analysed and this data proved to be crucial for studying the behaviour of soluble pollutants. Thus, 133 
our second hypothesis is that the ratio of dissolved to particulate in metals does not change 134 
immediately; hence, in conjunction with a rainfall event, determinations of pre and post storm 135 
metal concentrations as well as those of their surrogates are crucial in order to be able to report 136 
fully on metal bioavailability.  137 
 138 
While this is a case study on the impact of the traffic on the metals concentration in highway 139 
runoff, the results and the knowledge derived from them about the metals’ fate and behaviour can 140 
be transferred to different sites and scenarios in the same climatic zone. Accordingly, the principle 141 
of SuDS could be embraced in those locations with a primary goal of improving water quality in 142 
water bodies by tackling urban diffuse pollution. The sites might include residential, commercial 143 




The experimental design was set up in such a way that both of the hypotheses mentioned in the 148 
introduction would be tested.  149 
 150 




M1 Motorway 153 
 154 
The test site was a junction formed by three major roads in the UK: the M1 and M42/A42 155 
motorways and the A50 dual carriageway (J24 at Kegworth, Leicestershire, UK) with peak traffic 156 
flows of 30,000 vehicles an hour. This junction was rebuilt in 1996 and it now includes a highway 157 
runoff interceptor and a SuDS lagoon (Figure 1).   158 
 159 
Fig.1 Sampling site on the M1, J24A.   160 
(a) Aerial view of the SuDS lagoon. Runoff sampling points from the M1(1 – before the interceptor; 2 – after the interceptor; 161 
3 – adjacent to the lagoon outlet.) in 2000 (b) Aerial view of the lagoon during the sampling time , 2008-2009, and (c) the current 162 
status of the sampling area (2020). In this figure (d) the side view of the lagoon from the highway is shown, (e) also shows the 163 
location of the sampling area on the UK map (Image credit: Google Earth Pro). 164 
 165 
During rainfall events, after the runoff leaves the highway, it flows directly into an inlet (sampling 166 
point 1). It then runs along a ditch adjacent to the motorway, combined with the drainage from the 167 
A50 slipway, discharges into an interceptor – a trap that is used to filter out hydrocarbon pollutants 168 
to prevent the contamination of streams by fuel from highway runoff (sampling point 2 ) and then 169 
into a lagoon (sampling point 3), as seen in Figure 1. The volume of the ditch, including the 170 
connected channel (overflow by-pass system), is approximately 25 m3. The system drains an 171 
impermeable area of approximately 3,000 m2. The volume of the lagoon is 2000 m3, with an 172 
average depth of 0.9 m. There are no other activities in the adjacent area, apart from traffic, that 173 
could contribute to the metal concentrations in the water held in the lagoon. The lagoon was 174 
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functioning properly during the sampling period (Figure 1b). However, assessing Figure 1c, some 175 
visual changes in the lagoon may be noticed. To ensure that the system continues to function 176 
correctly, the following measures need to be put in place (LI, 2014): 177 
(1) Planned preventative maintenance should occur to ensure that the channels are clear of silt; 178 
 179 
(2) Vegetation around the facility should be managed to facilitate easy access;  180 
 181 
(3) Annual monitoring needs to be conducted to establish the continuing efficient performance of 182 
the facility. 183 
 184 
If these activities are put in place then the facility should continue to function correctly and deliver 185 




To compare the discharge from the M1 with a control, a local brook (Woodbrook) in the same 190 
catchment area was sampled. The Woodbrook – historically the catchment of the local water 191 
supply, Nanpantan – is an overflow stream from a local, decommissioned water treatment works 192 
reservoir. The average flow rate in the brook during dry weather is 50 l/s. The area upstream of 193 
the sampling points consist of agricultural land lying close to its source (3 km) in Charnwood. The 194 
catchment area is approximately 25.5 km2. 195 
 196 
Sewage treatment works 197 
 198 
Samples were also analysed from the final effluent discharge points of two local sewage treatment 199 
works (STW) (A [Population equivalent (PE) = 55,000 – 68,000; primary sedimentation and 200 
activated sludge]; and B [PE= 20,000 – 25,000; primary sedimentation and trickling filters]). 201 
 202 
Conditions of runoff formation for the studied catchment area 203 
 204 
When the runoff from the catchment reaches the inlet (1st sampling point), a proportion will be lost 205 
en route from the inlet to the lagoon as a result of percolation and trapping by vegetation. The 206 
losses are a function of ADWP. Equation (1) shows the relationship between the runoff volume 207 
Vrunoff and the rainfall depth H (in millimetres) for the catchment area F = 3000 m
2, with the runoff 208 
coefficient ᴪ taken as 0.9 for tarmac (DFT, 2017). 209 
Vrunoff = 10
5 H Fᴪ                                                   (1) 210 
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The above equation helps us to calculate the volume of the expected runoff based on the rainfall 211 
depth. Figure 2 shows the volume of the runoffs (m3) that would occur after rainfalls with a depth 212 
of 1 to 10 mm in the ditch.  The ditch volume is approximately 25 m3. 213 
 214 
Fig. 2 The expected volume of the runoff (m
3
) after rainfalls with a depth of 1 to 10 mm in the ditch 215 
Table 1 suggests three different scenarios for the water flowing into the ditch. It was noticed that 216 
there was an infiltration loss of up to 3 mm within the ditch because of the clay bed’s presence in 217 
the system. So, the rainfall events with a Hrain of less than 2 mm would not have produced 218 
sufficient runoff for any discharge into the lagoon to have been observed, unless the system was 219 
full. 220 
Table 1 State of the ditch depending on the ADWP 221 
Scenario Representative antecedent 
conditions 




Hrain to reach bank-full 
conditions, mm* 
1 
The ditch is dry/almost dry,  
(prolonged ADWP) 
20 7  (10) 
2 By-pass system is dry 10 4 (7) 
3 Inlet half-full 5 2 (5) 
*There is an approximate infiltration loss of 3mm within the ditch because of the clay’s presence, which raises the rainfall depth required to reach the bank-full 222 
condition, as seen from the Table above. 223 
Sample collection 224 
In order to study the metals’ solubility in the lagoon and thus investigate how natural processes 225 
and conditions (rainfall, temperature and evaporation) may affect the metals’ speciation, grab 226 
samples were collected from the lagoon during dry weather from April 2008 to January 2009. 227 
To characterise the final stage of treated runoff during wet weather, samples were collected from 228 
the lagoon following four storm events. Rainfall events needed to be of sufficient volume, as was 229 
the case on those four occasions, to generate a discharge into the lagoon (see Fig. 2 and Eq. 1).  230 
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To determine the performance of a typical treatment system, a major storm event was observed in 231 
May 2008 together with the pre-storm and post-storm conditions.  The chosen sample points 232 
facilitated the gaining of an insight into how the metals’ concentrations changed through the 233 
treatment train.  234 
The sampling was focused on the motorway runoff and the rural brook because by contrast 235 
greater buffering of storms is available in sewage works and, accordingly, changes in the metal 236 
concentrations in the sewage effluent were expected to occur more gradually.  237 
 238 
Sample preparation 239 
 240 
Grab samples were taken from the water surface, thus avoiding disturbance of the bed sediment. 241 
Pre-washed 1 litre polyethylene bottles, pre-soaked in 10% HNO3, were used.  Before sampling, 242 
each bottle was rinsed twice with the sample source. Subsamples for the analysis of metals 243 
(100ml aliquots) were immediately acidified with concentrated HNO3 (5 ml/l). For dissolved metal 244 
analysis, a similar 100ml sample was filtered under vacuum through a millipore 0.45 μm pre-acid-245 
washed membrane filter and stored in acid-washed plastic bottles. The filtered samples were 246 
similarly acidified with concentrated HNO3 to pH < 2. Samples for other analyses (TSS, electrical 247 
conductivity (EC), hardness) were stored at 4°C until analysis had been performed within 24 248 
hours. More information about measurements of these parameters as well as calibration of the 249 
instrument can be found in the supplementary information. 250 
 251 
Sample analysis 252 
 253 
Total metals were analysed by the aqua regia method (APHA, 2005) using microwave digestion, 254 
performed in a CEM Mars Xpress microwave, and 30 ml of sample was used which had been 255 
acidified with 2 ml of concentrated HNO3 and 5 ml of concentrated HCl. When the samples were 256 
cooled, they were filtered through Whatman No.1 paper and diluted with distilled deionised water 257 
to 50 ml in volumetric flasks. For quality assurance purposes, blanks and internal standards were 258 
included. Total and dissolved metals were measured with an ICP-OES analyser (Thermo Jarrel 259 
Ash Atom Scan 16). Whilst the ICP-OES’s detection limit for each of the tested elements is a 260 
function of wavelength, for all three determinants considered the limit of detection was 0.002 mg/l. 261 
For more information on the calibration of the instrument as well as quality control for the chemical 262 
analysis, please see supplementary information.  263 




Metal concentrations in the runoff may vary widely according to the weather conditions. The 266 
variability in weather conditions and long-term trends will affect the statistical reliability of the 267 
results and, ideally, continued work will always be needed to adjust the means and range of 268 
values determined in any further study. As demonstrated in Figure 1c, the lagoon shows clear and 269 
notable physical differences which made it challenging to use consistent methodology to collect 270 
data. The lagoon’s appearance and, hence, its physical conditions gradually started to change 271 
from 2010 onwards (with more reeds and vegetation present) while at the same time it became 272 
more shallow and turbid. If, therefore, sampling had been continued in the lagoon it would have 273 
lead the research programme into working on the basis of non-comparable conditions which 274 
would have resulted in its obtaining inconsistent data  from a wayward experimental set-up. 275 
 276 
Results and Discussion 277 
 278 
 279 
Not only does this section make reference to different weather conditions (dry/wet) but also to a 280 
variety of scenarios and consequences which arose from the research campaign that was 281 
directed to the testing of our two hypotheses.  282 
 283 
The following tables provide the supporting data and analysis of the effects of the weather 284 
conditions: 285 
Table 2 – Stormwater data – Data taken from the M1 during storm flow conditions  286 
Table 3 – Stormwater data – Data from Woodbrook during stormflow conditions 287 
Table 4 – Dry weather – Data from the lagoon  288 
Table 5 – Dry weather – Data from Woodbrook 289 
The information from Tables 2 – 6 supports our first hypothesis, namely that highway runoff 290 
constitutes a major source of metal pollutants in the catchment, among other sources. 291 
Figures 4 and 5 support the second hypothesis regarding the importance of pre- and post-storm 292 
characteristics.  293 
This section also describes the effectiveness of the runoff treatment system as well as the 294 
importance of the EQS as a tool for measuring the impact of metal concentration (Table 7). 295 
 296 
In the following paragraphs, ‘dry weather’ refers to conditions with no rain and the term ‘wet 297 
weather condition’ indicates that a specific rainfall event produced an actual discharge into the 298 
lagoon (as per Table 1 and Figure 2). 299 
 300 




Table 2 summarises the storm water data during wet weather (July 2008 and January 2009), 303 
representing the final stage of treated runoff during wet weather, where the EQSs should be 304 
applied. These data are limited by or defined as arising in conditions when there has been 305 
sufficient rainfall to cause actual discharge from the separator into the lagoon itself. The same 306 
situation was described by Geronimo et al., 2014 who, while monitoring the treatment system for 307 
urban stormwater runoff from TSS and metals, found that out of 11 rainfall events studied only six 308 
were able to generate and produce a discharge.  309 
 310 
Table 2 Stormwater data from the M1 during storm flow conditions (n=4*) 311 
Contaminant Concentration 
range (mg/l), apart 
from EC 
Mean value SD** Cv*** 
Fe tot 1.133 – 1.212 1.164 0.038 0.033 
Fe dis 0.018 – 0.212 0.111 0.107 0.962 
Cu tot 0.002 – 0.161 0.068 0.079 1.160 
Cu dis 0.002 – 0.021 0.013 0.006 0.456 
Zn tot 0.123 – 0.201 0.159 0.042 0.263 
Zn dis 0.02 – 0.036  0.029 0.007 0.231 
TSS 8.5 – 40  23.7 17.08 0.719 
EC  280 – 2000 µS/cm 1053.8 877 0.833 
* number of events sampled 312 
** standard deviation 313 
***coefficient of variation 314 
 315 
The data obtained from Woodbrook during wet weather is shown in Table 3.  316 
Table 3 Data from Woodbrook during stormflow conditions (n=4*) 317 
Contaminant,  Concentration 
range (mg/l), apart 
from EC 
Mean value SD** Cv*** 
Fe tot 1.482 – 2.515 1.971 0.476 0.242 
Fe dis 0.077 – 0.263 0.188 0.083 0.443 
Cu tot 0.011 – 0.103 0.050 0.039 0.794 
Cu dis 0.002 – 0.003 0.003 0.001 0.182 
Zn tot 0.053 – 0.079 0.062 0.012 0.190 
Zn dis 0.003 – 0.014 0.007 0.005 0.660 
TSS 21 – 52  35.12 13.22 0.376 
EC  360 – 500 µS/cm 415 59.7 0.144 
* number of events sampled 318 
**standard deviation 319 
***coefficient of variation 320 
 321 
Both for the M1 and Woodbrook all samples showed notable variations and differences under wet-322 
weather conditions. Taking the mean values for the M1 and Woodbrook, then iron was always 323 
found to exhibit the highest concentration, as might be expected.  324 
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Both total and dissolved metal concentrations were found to exhibit the hierarchy Fe>Zn>Cu, as 325 
shown in Tables 2 – 3.  326 
 327 
Pagotto et al. (2000), when studying the influence of pavement type on the runoff quality along the 328 
north ring road in France (where the mean daily traffic is approximately 24,000 vehicles) reported 329 
the same order of Cu and Zn as is given in our results (Zn>Cu). Hallberg et al. (2007), on 330 
analysing three metals, just as in our study, i.e. Fe, Cu and Zn, found the same order in metal 331 
concentrations in their study of the seasonal variations in metals in highway runoff from a trunk 332 
road in Stockholm. Their values are higher than those presented here because of the different 333 
drainage systems in use in Stockholm and the more extreme cold weather. For example, in winter 334 
the TSS concentration in runoff in Stockholm reached 1500 mg/l, with a maximum value of around 335 
5000 mg/l and Fetot of 226 mg/l. Despite these large values of Fetot, the Fedis concentration given 336 
in Hallberg et al. (2007) did not exceed 1 mg/l (with a maximum value of 0.57 mg/l) and this was 337 
comparable with data presented in this paper (Fedis = 0.212 mg/L), confirming its very low 338 
solubility. The average for Fetot in results presented here during wet weather in winter was 1.212 339 
mg/l. 340 
 341 
Impact of the metals’ solubility due to natural processes 342 
 343 
Table 4 provides a summary of the data obtained from the lagoon during dry weather (April 2008 344 
– January 2009).  The dry-weather data are needed not only for comparative purposes with the 345 
wet weather conditions but also to analyse how natural processes, e.g. evaporation, may affect 346 
metal speciation and water quality in the lagoon. 347 
  348 
Table 4 Data from the lagoon during dry weather conditions (n=15*) 349 
Contaminant  
Concentration range 
(mg/l), apart from EC 
 Mean value SD** Cv*** 
Fe tot 0.177 – 0.526 0.269      0.085 0.316 
Fe dis 0.029 – 0.066 0.049               0.026 0.528 
Cu tot 0.003 – 0.041 0.014     0.013 0.913 
Cu dis 0.002 – 0.006 0.003     0.002 0.749 
Zn tot 0.033 – 0.08 0.05    0.015 0.290 
Zn dis 0.005 – 0.069 0.023     0.017 0.730 
TSS 3.2 – 23.95 14.1    13.1 0.931 
EC  370 – 1070 µS/cm 725     282 0.389 
* number of events sampled 350 
**standard deviation 351 




The data obtained from Woodbrook during dry weather is shown in Table 5. 354 
Table 5 Data from Woodbrook during dry weather conditions (n=12*) 355 
Contaminant Concentration 
range (mg/l), apart 
from EC 
Mean value SD* Cv** 
Fe tot 0.125 – 0.479 0.264 0.115 0.434 
Fe dis 0.011 – 0.182 0.062 0.057 0.919 
Cu tot 0.002 – 0.018 0.010 0.008 0.808 
Cu dis 0.002 – 0.007 0.003 0.004 1.371 
Zn tot 0.027 – 0.055 0.044 0.008 0.181 
Zn dis Traces – 0.019  0.009 0.009 0.965 
TSS 4 – 12  7.2 3.02 0.418 
EC  420 – 755 µS/cm  551 130.7 0.237 
* number of events sampled 356 
**standard deviation 357 
***coefficient of variation 358 
 359 
Taking the mean values (from Tables 4 – 5) iron again in all species, like during wet weather, was 360 
always found in its highest concentrations. It was found in its particulate form, which increased in 361 
proportion to the amount of solids discharged during wet weather (see Tables 2 and 3), which 362 
could be mobilised by the 1st flush of the storm (Sansalone and Buchberger, 1997). This is 363 
attributable to Fe having become attached to the particulate matter. 364 
 365 
Dissolved Zn concentration from the M1 during dry weather was 60% higher in comparison to 366 
Woodbrook during the same conditions, although the total concentration of Zn from Woodbrook 367 
was around 10% less. Nelson et al. (2009) also reported that zinc could be released during dry 368 
conditions due to a number of mechanisms for mobilisation, such as cation exchange, chloride 369 
complex formation and colloid breakdown or dispersion, with released organic matter and/or clay 370 
complexes. This suggests that pre-storm and post-storm conditions are important subjects for 371 
study, as they help to obtain the full picture of metal behaviour and speciation, which is crucial in 372 
the light of the metal bioavailability analysis.  373 
Zn demonstrated the same attachment to particles, like iron, although less distinctive but not in 374 
May when major increases in flow re-suspended colloidal and particulate solids in both parts of 375 
the SuDS. A more detailed analysis on the proportion of dissolved metals from the M1 and 376 
Woodbrook is available in the supplementary information (SI Table 4 and SI Table 5). 377 
 378 
In this particular study the changing behaviour of zinc due to the application of de-icer salt (NaCl) 379 




The concentrations of dissolved and total Cu and Zn in M1 runoff were at their highest in May (the 382 
major event flush). For details of experimental analysis, the proportion of dissolved metals from 383 
the M1 and Woodbrook is available in the supplementary information (SI Table 6).  384 
 385 
The most striking result belongs to the month of May, which was initially dry (no rain from 5th - 24th 386 
May, except for 16th and 17th May with 1.1 mm and 0.4 mm respectively) and then wet (rainfall 387 
events of 4.1 mm; 9.1 mm; 15.8 mm; 10.7 mm and 4 mm on 25th, 26th, 27th, 28th and 29th May 388 
respectively; Figure 3). 389 
 390 
Fig.3 Daily precipitation from April to July and also November 2008 391 
 392 
It should be noted, however, that those rains which took place and were recorded on the 16th and 393 
17th May did not produce enough runoff to generate a discharge from the lagoon. It appeared that 394 
the whole amount of precipitation was either retained by vegetation or percolated into the ground. 395 
The metal concentrations measured at the M1 site in May are disproportionately high when 396 
compared to the TSS and values for the other months. This is explained by an analysis of the 397 
sampling dates (Fig. 4) and rainfall pattern (Fig. 3).  398 
The influence of pre-and post-storm characteristics on the performance of a typical treatment 399 
system 400 
 401 
Fig. 4 demonstrates a performance of a typical treatment system which was observed in 402 
connection with the sampling of the rainfall event on the 27th May as well as the associated pre 403 
storm conditions (background data), 21st May and post-storm conditions (monitoring the changes 404 
in metal concentration). For the comparison, account is taken of the wet weather, the rain itself 405 
and previous dry weather. It should be noted that standard deviation (SD) for Cudis in interceptor 406 




Fig.4 Comparison of pollutant removal from different sample points (as per Fig. 1a) resulting from the May 409 
storms (single triplicate samples). a) TSS; b) Fe; c) Zn; d) Cu 410 
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During the sampling time, May was predominantly dry until the 25th (the sampling had been 411 
carried out on the 21st) and the water levels in the lagoon were low because of evaporation and 412 
infiltration. Storm events then occurred between the 25th and 29th May (total rainfall from 25th to 413 
29th May = 43.7 mm) and samples were taken during (27th May) and after these storms (30th May). 414 
This facilitated an analysis of the performance of the interceptor and lagoon when functioning as a 415 
treatment system for highway runoff. One of the main phenomena observed in connection with  416 
that storm event was the re-suspension of sediment from both the interceptor and lagoon (Fig. 417 
4a), which not only increased the total concentration of metals but also affected the percentage of 418 
their dissolved fraction in the longer term. 419 
Comparing the ratio of dissolved to total metals, Zndis (the major pollutant in dry weather) reached 420 
a peak of 86% of the total concentration after the storm (30th May at the lagoon, Fig. 4c). By 421 
comparison, for the same sample point, the ratio was 22% and 11% on 21st and 27th May, 422 
respectively. It is suggested that these results demonstrate the potential for the re-release of 423 
soluble metals captured in the sediment of interceptors and lagoons after a dry period. This 424 
supports our hypothesis that metal concentrations do not change their partitioning immediately. 425 
The results obtained by Sansalone and Buchberger (1997) while analysing partitioning of metals 426 
during a rainfall event on a heavily travelled highway (150,000 vehicles per day on average) in 427 
Cincinnati, Ohio supported our statement by highlighting their finding that partitioning of metals 428 
over the first 24 hours was not changed drastically. Thus, when a 3 l sample was analysed portion 429 
by portion it was found that 24 hr period had a minor influence on partitioning of metals that had 430 
been initially dissolved, e.g. zinc, or particle-bound, e.g. iron. In their case it was the copper that 431 
underwent some fluctuations in its partitioning and they inferred that this behaviour might be 432 
common for those metals whose partitioning is neither predominantly dissolved nor predominantly 433 
particle-bound.   434 
The results also suggest the possibility of long-term pollutant inputs. Previous work has suggested 435 
that this is a result of colloid breakdown with released soluble metals (Nelson et al., 2009). This 436 
effect would not be expected to occur in Woodbrook because of the different types of settlement 437 
and different hydraulic designs of the systems.  During rainfall events, the velocity of Woodbrook 438 
increases, which results in the disturbance of particles from the bed of the stream, as well as the 439 
erosion of soil. The hydraulic regime of the M1 system includes a low- flow ditch, separator and 440 
lagoon which are quiescent and, thus, most solids would be expected to settle. The importance of 441 
hydraulic regime in terms of deterioration of metals removal at STWs was reported by Rossin et 442 
al, 1983. 443 
  444 
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Potential polluted contribution of metals spreading into the catchment 445 
 446 
Table 6 includes other potentially influential water quality parameters which will affect metal 447 
solubility (pH, hardness and sodium, Na, concentration). 448 
 449 






M1 (post treatment) Woodbrook STW A  
mean (n = 8*);  
 
 STW B  
mean (n = 8); 
 
July January July January 
TSS 9.5 37 25.7 44.5 9.4 14 
EC, µS/cm 335 1780 385 450 996 915 
pH 6.8 7.5 7.5 7.5 7.26 7.3 
      Na 40.7 339.9 19.2 39.2 n/a** n/a 
Hardness 100 n/a 265 n/a 309 238 
Cu  tot 0.002 0.161 0.044 0.057 0.005 0.017 
Cu dis 0.002 0.002 0.003 0.003 0.004                                                                                                                                                                                                                                                                                                                                                                                                                                                       0.013
Zn tot 0.157 0.123 0.069 0.055 0.060 0.054 
Zn dis 0.034 0.02 0.006 0.008 0.051 0.046 
Fe tot 1.155 1.212 1.578 2.363 0.060 0.118 
Fe dis 0.204 0.018 0.125 0.251 0.033 0.077 
 total rainfall for July 76.4 mm 451 
 total rainfall for January 60 mm 452 
 amount of rainfall observed in July during sampling day 6 mm 453 
 amount of rainfall observed in January during sampling day 6.5 mm  454 
 based on triplicate samples of a single storm event, except sewage works   455 
 * number of events sampled 456 
 **not avalable 457 
 458 
 459 
The Table shows a comparison of the concentrations of metals obtained from the lagoon, 460 
Woodbrook and the final effluents of the local sewage works. Results for TSS and dissolved solids 461 
(expressed via EC) are also shown. The data show higher concentrations of total zinc deriving 462 
from the motorway compared to the other sources, which suggests that tyre wear could be a 463 
source of zinc in the environment. For example, when typical sources of zinc into one of the 464 
Stockholm’s STW were compared, it was found that tyres could contribute up to 9% of Zn to its 465 
total quantity of Zn (Sorme and Lagerkvist, 2002).  466 
The situation with the STWs, however, is variable, since the degree of pollutant enrichment in a 467 
water body will depend upon the amount of dilution received. For example, Comber et al. 2020 468 
confirmed this while analysing 170 STWs across England and Wales and finding that treatment 469 
efficiency and geography could also affect the variations of pollutant concentrations.  Thus, 470 
although the data show that Cudis from one of the sewage treatment works (STW B) exceeded the 471 
previous and current EQS (which can be explained in terms of the common use of copper in 472 
domestic water systems), the capacity of the receiving water body also needed to be taken into 473 
account. Sorme and Lagerkvist (2002) reported that the relative contribution of Cu from pipes and 474 
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taps to a typical STW could comprise up to 66% of the total Cu quantity, only up to 5% of which 475 
related to traffic, deriving from brake pads. 476 
 477 
Nevertheless, when the data from Table 6 are analysed it is impossible to overlook the striking 478 
value recorded for the total amount of copper during the January event, which was 0.161 mg/l. At 479 
the time of sampling and analysis, the dissolved fraction of copper was very low, at 0.002 mg/l, 480 
but under different circumstances (due to variation on the water parameters in the lagoon – 481 
increasing pH and temperature, for example), the proportion could change. This suggestion could 482 
be further supported by Sansalone and Buchberger’s results which showed that the ratio of 483 
dissolved to particulate copper was initially 1/5 but changed over 24 hours and became 1/1 (Cutot 484 
was 0.3 mg/l). This example served to underline the importance of pre- and post-storm analysis. 485 
Interestingly enough, Ziolko et al. 2009 observed the completely opposite trend in the change in 486 
copper partitioning at a STW – from dissolved to particulate. In their case, return activated sludge 487 
(RAS) was mixed with crude sewage, which resulted in an alteration in the behaviour of copper. It 488 
became bound with particulate matter and was effectively removed from PST (primary 489 
sedimentation tank) together with TSS. 490 
From all the Tables in which highway runoff compared with that from other sources, one can see 491 
that it is the major source of metals into the catchment. At the same time urban runoff and sewage 492 
works do contribute a substantial amount of metals as well.  It is also important to take into 493 
consideration the ability of metals to change their ratio (total/dissolved) due to a number of 494 
reasons which have been stated above.  495 
Surface discharge criteria 496 
When comparing the M1 concentrations with those from the STWs it should be noted that with 497 
regard to the M1 the standards should be applied to the lagoon itself, whereas for the STWs a 498 
factor of dilution should be taken into consideration (Bubb and Lester, 1995). The lagoon in this 499 
case should be treated not only as a final stage of treatment but at the same time as a natural 500 
water body, where the treated runoff is discharged. It is worth noting that the mixing effect is slow, 501 
as the water in the lagoon is quiescent. 502 
A further demonstration of the importance of a robust system understanding, while applying the 503 
EQS, can be seen when comparing the data arising from the M1 runoff treatment system with 504 
data from a treatment system on the M40 motorway which has previously been monitored by 505 
Crabtree et al. (2006). Table 7 provides such a comparison. The most important difference 506 
between these systems is that for the M1 the discharging water body is the lagoon, whereas for 507 
the M40 the discharge flows to Souldern brook; the M1 system is, thus, more sensitive and 508 
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vulnerable as the EQS should be apply at the lagoon itself being a final stage of the treatment 509 
system.  The results also show that on average this standard SuDS system (interceptor and 510 
lagoon) had a satisfactory treatment effect and achieved background concentrations of metals. 511 
The old EQS were formally stricter and less favourable for the dischargers. One of the parameters 512 
which was always monitored during the field study was pH, which affects metal bioavailability. The 513 
pH was relatively stable during and between different storm events (pH from 6.8 to 7.9) which 514 
implies that the revised EQS is adequate. It also suggests that the old EQS (Zntot, see Fig. 4c) 515 
would tend to imply a larger risk, which could be counteracted technically (by installing more 516 
expensive and sensitive treatment facilities). 517 
Table 7 Comparison of pollutant removal  518 
Sample 
points 
Average concentration of pollutants, mg/l 
M1/Lagoon* M40/Souldern Brook** 














0.048 0.020            0.016 0.004 11.6 0.04 0.006 0.008 0.005 25 
* sample point 3 (as per Fig. 1a) 519 
** modified from Crabtree et al. 2006 520 
*** for the M1 it is the Inlet (sample point 1 (as per Fig.1a)) 521 
**** Lagoon for the M1 and Souldern brook for the M40 522 
 523 
A further feature of these data was that Cu was always found to exhibit the lowest concentration 524 
of all the metals. The Cu concentrations from both the M1 and M40 studies were lower than those 525 
reported from urban traffic, in line with the results from previous research (Hulscotte et al., 2007). 526 
The conclusion drawn from this is that, whereas in urban driving conditions copper is generated 527 
more frequently while the vehicles are braking, the M1 and M40 tend to have continuously moving 528 
traffic. Another possible explanation, as proposed by Zhang et al. (2015), is that the presence of a 529 
considerable proportion of the Cu in stormwater runoff will depend on the removal of road-530 
deposited sediment. In this study, as has already been mentioned, the first sample point was 531 
situated where the highway runoff left the highway itself and reached the inlet, meaning that it had 532 
passed through a filter trench, where a substantial amount of debris was retained. 533 
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The concentrations of the metals from the M1 are higher than those observed at the M40 site, 534 
which can be explained by the greater traffic flow on the M1 (30,000 vehicles per hour, compared 535 
with 15,000 vehicles/hour on the M40).  536 
 537 
The foregoing demonstrates that in evaluating the performance of a treatment system, it is 538 
crucially important to bear in mind the fact that stormwater management continues to evolve and 539 
to undergo significant changes. It is, thus, necessary to embrace a broad area of knowledge from 540 
flood mitigation to water quality improvement and the reduction of soluble pollutants when 541 
designing/optimising a runoff treatment system. This is increasingly important in view of the 542 
addition of the bioavailability concept to the revised EQS. Understanding the system design is 543 
critically important, as the application of the EQS to monitoring data without an appropriate 544 
understanding of the system having first been acquired will result in a significant misclassification 545 
of the risk from whatever metal may be present in the water at a site. 546 
De-icing salt’s impact on metals’ behaviour 547 
 548 
We can infer that a pulse of dissolved zinc has been released from the interceptor in conjunction 549 
with the elevated sodium from de-icer applications, which took place during winter time. Figure 5 550 
shows the percentage of dissolved Zn with the Na concentration in samples taken after a rainfall 551 
event (the post-storm period of time). There is a distinctive peak of Zn and Na in the holding 552 
chamber of the interceptor, which should be considered together with the finding that only 2% of 553 
Zn was bound in the particulate matter (greater than 0.45 μm). Previous studies have shown that 554 
adding de-icer can increase colloidal mobility and ion competition. For example, the results 555 
obtained by Norrstrom (2005) when analysing the effect of de-icing salt on metal mobility and 556 
behaviour in highway runoff for groundwater, coincide very well with ours, according to which 5% 557 
of Zn was bound in the particle phase in the column leachates and a rising Zn concentration was 558 
correlated with NaCl leachate. This indicates that de-icing salt is likely to promote Zn availability 559 
through the mobilisation of small-sized colloidal particles or ion competition. The availability of ions 560 
in the soil solution is a dynamic phenomenon, which is affected by different parameters in the 561 
system. One of the factors that plays a key role in this is the ionic strength. Ionic strength affects 562 
soil particles by changing the surface potential/surface charge of colloidal particles and thereby 563 
affecting the diffusive double layer. The higher the ionic strength (concentration of dissolved ions), 564 
the more condensed the diffusive double layer becomes. In other words, when the ionic strength 565 
increases, we see fewer electrostatic interactions between colloidal soil particles (Pouran et al., 566 
2014). One possibility is this phenomenon/mechanism could lead to detachment/disintegration of 567 
the soil colloidal particles from each other, which in the end improves colloidal mobility. The ions, 568 
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which are attached to the surface of colloids, would also be affected in this way. The other 569 
possibility that we could consider is the prevalence of ionic competition. Adding de-icer may 570 
increase the ionic competition and consequently lead to the replacement of the ions on the 571 
surface of the soil particles with new ones (added because of the de-icer) (Pouran et al., 2017).  572 
 573 
 574 
Fig.5 Metal profiles through the SuDS system during a cold winter post-storm (Zntot is 0.155 mg/l in the 575 
chamber with TSS 9.0 mg/l) 576 
 577 
These two examples help us to understand the principal mechanisms by means of which metal 578 
species are captured in highway runoff and, more importantly, under which circumstances metals 579 
may leach from the treatment system, leading to the possible pollution of groundwater. 580 
Furthermore, it can be seen that the EQS should be taken into consideration a lot more rather 581 
than being regarded as merely a value against which an obtained concentration will be compared. 582 
This supports the decision to include two more parameters (pH and DOC) in the new EQS in order 583 
to evaluate Zn’s impact on water bodies (UKTAG, 2013). 584 
The Na concentration is higher from the treated M1 discharge compared to Woodbrook (Table 6), 585 
which is likely to have been the result of de-icing operations which took place at the time of 586 
sampling. It decreases during rainfall events due to dilution, but it is persistent because of its long 587 




In this study highway runoff was distinguished as a major contributor of metals into the   592 
catchment compared to urban runoff originated from Woodbrook and sewage works representing 593 
the same catchment. Nevertheless, these two sources can also contribute a substantial amount of 594 
metals into the water environment.  Event monitoring in the receiving water (lagoon) showed that 595 
highway runoff had no immediate impact on metals’ behaviour over their background 596 
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concentrations. The monitoring of rainfall events indicated that metal concentrations and solubility 597 
do not change immediately. Knowledge of pre- and post-storm conditions and ADWP in particular 598 
is critically important for a correct understanding of metals’ behaviour and of their fate e.g. their 599 
solubility and mobility because of the re-suspension of the sediment generated by previous rain. 600 
In addition, continued work is essential if a reliable assessment is to be gained of such dynamic 601 
systems as runoff water discharge and treatment. 602 
 603 
This study showed that the metals’ solubility was, in descending order, Zn>Cu>Fe during both dry 604 
and wet weather, although during dry weather the dissolved concentrations of the studied metals 605 
becomes higher due to water evaporation. 606 
 607 
Fe had the highest concentrations (both total and dissolved) for all weather conditions and in all 608 
sampling locations. Cudis concentrations varied greatly and were among the lowest concentrations 609 
observed in the metals studied. The copper concentration was also lower than the results reported 610 
in previous studies because Cu is generated during vehicle braking, whereas the M1 generally 611 
has continuously moving traffic. 612 
 613 
This research suggests that natural phenomenon such as cold weather and, consequently, de-icer 614 
application could affect water quality and metal speciation in the lagoon. In particular, Zn 615 
availability was found to be high (98%) following winter salting (adding NaCl) due to both colloidal 616 
mobility and cation exchange. The revised (new) EQS are sufficiently robust under a range of 617 
environmental conditions, such as rainfall events and ADWP. 618 
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